Simple, reliable, and efficient concentration of poliovirus from tap water was obtained with two types of electropositive filter media, one of which is available in the form of a pleated cartridge filter (Virozorb lMDS). Virus adsorption from tap water between pH 3.5 and 7.5 was more efficient with electropositive filters than with Filterite filters. Elution of adsorbed viruses was more efficient with beef extract in glycine, pH 9.5, than with glycine-NaOH, pH 11.0. In paired comparative studies, electropositive filters, with adsorption at pH 7.5 and no added polyvalent cation salts, gave less variable virus concentration efficiencies than did Filterite filters with adsorption at pH 3.5 plus added MgCl2. Recovery of poliovirus from 1,000-liter tap water volumes was approximately 30% efficient with both Virozorb lMDS and Filterite pleated cartridge filters, but the former were much simpler to use. The virus adsorption behavior of these filters appears to be related to their surface charge properties, with more electropositive filters giving more efficient virus adsorption from tap water at higher pH levels.
The need for a simple, reliable, and efficient method to quantitatively concentrate enteric viruses from large volumes of water has been frequently expressed (12, 14, 15, 20, 26) . Research toward this goal has produced methods based primarily on adsorption of viruses from water onto microporous filters and subsequent desorption or elution of adsorbed viruses with small volumes of elution media (5, 6, 9, 10, 15, 16, 26, (29) (30) (31) . Adsorption-elution methods of this type appear in the 14th and 15th editions of Standard Methods (1, 2) .
Most workers exploring adsorption-elution methods have used microporous adsorbent filters which carry a strong net negative electrostatic surface charge (18, 25) . Because most virus types also carry a net negative surface charge at neutral pH (3, 19 ; R. R. Jacobs, Ph.D. thesis, University of North Carolina, Chapel Hill, 1980) , it has been necessary to acidify virus-containing water so that virus adsorption can occur, presumably by reducing or eliminating electrostatic repulsive forces between virions and filter surfaces. Also, it has often been necessary to add exogenous multivalent cation salts to water in order to promote virus adsorption to filter surfaces (15, 23, 30) .
The need for extensive conditioning of water before virus adsorption to strongly electronegative filters requires expensive equipment and contributes to the complexity of the concentration method. Moreover, previous work in this and other laboratories has revealed that virus adsorption to strongly electronegative filters can be impaired by soluble or colloidal materials in water (6-8, 22, 23, 31 ).
Many of the described difficulties with present adsorption-elution methods may be avoided by the use of microporous adsorbent filters which carry a less negative net charge in the pH range of most natural and tap waters, pH 5 to 9 (23, 25) . Electrostatic repulsion between virions and filter surfaces would be minimized or eliminated, making preconditioning of the water unnecessary and greatly simplifying the method. Furthermore, less negatively charged filters may be less sensitive to adsorption-interfering components of water than are strongly electronegative filters (25) . Previous work in this laboratory has provided information which supports the utility of less electronegative filter media as virus adsorbents (23, 25) .
In the present study, two electropositive filter types were rigorously evaluated for their applicability to adsorption-elution virus concentration methods. Comparisons were made between poliovirus concentration efficiencies by these less electronegative filters and by a widely used strongly electronegative fiber glass-epoxy fllter.
MATERIALS AND METHODS Poliovirus. AU experiments were performed with poliovirus type 1, strain LSc. Viruses were grown and assayed in Buffalo green monkey kidney cells, as previously described (24) . Virus stock suspensions were subjected to Freon extraction (22, 24) , after which they were shown by electron microscopy to be monodispersed (M. D. Sobsey, W. A. Rutala, R. R. Jacobs, and J. S. Glass, unpublished data).
Filter media. (i) Filterite. Fiber glass-epoxy filters, nominal porosity 0.45,um, were obtained in sheets and in 25.4-cm (10-inch)-by 7.6-cm (3-inch)-diameter pleated-sheet cartridges (Duofine) from Filterite, Inc., Timonium, Md. Filter disks of 47-mm diameter were cut from the sheet material.
(ii) AMF Cuno. Electropositive filters, manufactured by AMF Corp., Cuno Division, Meriden, Conn., were as follows: Zeta Plus 50S, 47-mm-diameter disks of surface-modified cellulose and filter aid mixtures, nominal porosity 0.75 rim; and Virozorb lMDS, supplied as 25.4-by 7.6-cm-diameter pleated-sheet cartridges containing two identical layers of a thin-sheet medium consisting of surface-modified fiber glass and cellulose mixtures, nominal porosity 0.2 ,um. For smallscale experiments, the lMDS filter material was also tested as 47-mm-diameter disks with either one or two layers of thin-sheet medium.
Filter preparation and use. MgCl2-6H20, 400 U of penicillin per ml, and 400 ,ug of streptomycin sulfate per ml) for subsequent virus assay. Seeded tap water volumes were then placed in 3.8-liter-capacity stainless-steel pressure vessels (Amicon Corp., Lexington, Mass.) and forced through 47-mm-diameter filter disks at flow rates of 1.5 to 3.0 ml/ min per cm2 of filter surface area, using a regulated nitrogen gas cylinder as a source of positive pressure. Hydraulic loading was about 220 This was done to make sure that the amount of virus detectable in the initially seeded tap water corresponded to the amount of virus in the seed stock. No statistically significant differences between them were ever observed, indicating that there were no initial losses of virus titer in the seeded water due to inactivation, aggregation, or other phenomena. A portion of the stock virus used in large-volume experiments was similarly assayed.
(ii) Large-volume experiments. Tap water was drawn from the Chapel Hill distribution system via a four-place manifold, as previously described (22) . Poliovirus was added to the flowing tap water along with the sodium thiosulfate solution used for dechlorination via one proportioner of a Triplex fluid proportioning pump (Johannsen and Son Machine Corp., Clifton, N.J.). For Filterite filters, the remaining two portioners, operating reciprocally, added HCI and MgCl2 to bring the water to pH 3.5 and a final MgC12 concentration of 5 x 103 M for virus adsorption enhancement (23) . For AMF Cuno filters, the remaining two proportioners added HCl or NaOH when required to maintain water at pH 7.5.
After conditioning, the seeded tap water was filtered through 25.4-by 7.6-cm-diameter (-4 x 103-cm2 surface area) pleated-sheet fiber glass cartridge filters (Filterite Duofine or Virozorb lMDS) at flow rates of about 2 ml/min per cm2 of filter surface area. Hydraulic loading, was about 250 ml of tap water per cm2 of filter surface area. When virus inputs were high, samples of filtrate water were collected after volumes of 10, 100, 300, and 1,000 liters had passed through the filters. The filtrate samples were pooled and mixed thoroughly, and a small portion was diluted in an equal volume of sample diluent for subsequent determination of the unadsorbed virus fraction. When 1,000 liters of water had been processed through an adsorbent, the proportioning pump was stopped and the remaining water was forced out of the filter cartridges with air pressure. Adsorbed viruses were eluted from each cartridge by recirculating about 1,000 ml of pH 9.5 BE-GLY through the filter for 5 min by means of a peristaltic pump. The eluate was mixed and adjusted to pH 7.5 with 1.0 N HCI and, when virus inputs were high, a small sample was taken and immediately diluted in an equal volume of sample diluent for subsequent virus assay.
For reconcentration by organic flocculation (17, 23) At the end of each experiment, the volume of sodium thiosulfate-virus dosing solution drawn by each proportioning pump was measured. From this volume, the volume of virus stock added to the dosing solution, and the virus stock titer (assayed when experimental samples were assayed), the total virus input was calculated for each adsorbent.
Electrophoresis. Electrophoresis of filter media particles was performed with a Zeta Meter (Zeta Meter, Inc., New York), using a Zeta Meter type II-UVA electrophoresis cell. A 47-mm-diameter disk of each filter medium was shredded, placed in approximately 200 ml of cold tap water, and blended at low speed for 2 to 4 min. The resulting slurry was diluted in tap water to a particle concentration suitable for use in the electrophoresis apparatus as determined by microscopic observation of the diluted suspension. Separate 50-ml portions of the diluted suspension were adjusted to desired pH levels by the addition of small volumes (1 ml) of 0.05 N HCI or NaOH.
After pH adjustment, a portion was poured into the electrophoresis cell. A molybdenum cathode and platinum-iridium anode were then fitted, and any trapped air bubbles were removed from the cell. Electrophoresis was done at room temperature (25 ± 2°C), and observation times were always less than 3 min to avoid thermal overturn in the electrophoresis cell (33) . In the pH range examined, pH 3.5 to 10.5, specific conductivities of the samples ranged from 180 to 350 MS (Mumhos)/cm, and all samples were electrophoresed in a 300-V electric field. Voltage was applied across the electrophoresis cell, and the average rate of migration (micrometers/second) of 10 particles was measured. Although the suspended particles were heterogeneous, consisting of roughly spherical and fibrous morphologies, it was observed that all particles migrated at similar rates in the same direction at a given pH level. Three replicate migration rate measurements were made at each pH level examined. Electrophoretic mobility (EM) was determined (33) When virus adsorption and recovery efficiency data for 50S and Filterite filters were plotted as bimonthly mean histograms, both filter types showed an increase in adsorption efficiency during the spring and summer months (Fig. 1) . A similar increase in recovery efficiency was apparent with 50S. However, Filterite seemed to show a maximum in recovery efficiency during Analyses of variance showed significant variation among bimonthly mean adsorption efficiencies for both filter types (50S, P = 0.009; Filterite, P = 5.6 x 10-'). No significant variation was found among bimonthly mean virus recovery efficiencies for 50S (P = 0.777), but Filterite recovery efficiencies varied significantly (P = 0.002).
Effect of pH on poliovirus adsorption efficiency to different AMF Cuno filters. Because poliovirus concentration efficiency from tap water with Zeta Plus 50S at pH 7.5 was comparable to that with Filterite filters at pH 3.5, a series of experiments was conducted to determine whether other types of electropositive filters were capable of concentrating viruses from water. Small-volume experiments were conducted to evaluate poliovirus adsorption efficiency from tap water by AMF Cuno filters over a wide range of adsorption pH levels. Volumes (3.8 liters) of dechlorinated tap water were adjusted to pH 3.5, 5.5, 7.5, or 9.5 and seeded with 104 PFU of poliovirus per ml. One volume at each pH level was then filtered through a replicate 47-mm-diameter, single-layer AMF Cuno filter disk. Total filtrates were collected, sampled, and assayed to determine the fraction of input PFU not adsorbed by the filter. Eighteen different types of AMF Cuno media were evaluated, and single layers of Zeta Plus 50S and Virozorb lMDS proved to be the most efficient virus adsorbents.
Results for these two filter types are shown in Fig. 2 (25) , have been included. Both AMF Cuno filter types adsorbed poliovirus with efficiencies of -80% between pH 3.5 and 7.5, but above pH 7.5, adsorption efficiencies greatly declined. Virus adsorption by the Filterite filter type has been previously shown to be efficient only at pH 3.5 (25) .
Single layers of Virozorb lMDS medium were less efficient as virus adsorbents at pH 5.5 and 7.5 than were Zeta Plus 50S filters. A single layer of lMDS medium is much thinner (ca. 1 mm thick) than is the Zeta Plus 50S (ca. 5 To increase the probability of virion contact with filter surfaces and to evaluate the lMDS medium in a form corresponding to the commercially available cartridges, two layers of lMDS filter medium as 47-mm-diameter disks in a single filter holder (double lMDS) were evaluated as virus adsorbents in small-volume experiments. The experimental procedure was as described above, with the exception that poliovirus adsorption was evaluated from tap water at pH 6.5, 7.5, and 8.5. At pH 6.5 and 7.5, two layers of lMDS adsorbed poliovirus more efficiently than did one layer and nearly as efficiently as did 50S (Fig. 2) . As with single layers of lMDS medium and Zeta Plus 50S, adsorption efficiencies of double lMDS decreased above pH 7.5. Comparison of AMF Cuno filter types for poliovirus adsorption and elution efficiencies. Zeta Plus 50S, single-layer lMDS, and double-layer lMDS filter disks (all 47-mm diameter) were evaluated for poliovirus adsorption and elution efficiencies in a series of small-volume experiments. Adsorption was at pH 7.5 for all filter types, and adsorbed viruses were eluted either with glycine-NaOH at pH 11.0 or with BE-GLY at pH 9.5. All experiments were done during September and October 1979 to minimize effects of water quality-associated temporal changes in adsorption and elution efficiencies (22) . Poliovirus adsorption efficiencies for 50S, single lMDS, and double lMDS averaged 99, 76, and 95%, respectively (Table 2 ). Analysis of variance showed significant variation among adsorption efficiencies for the three filter types (P = 4.6 x 10-'). Adsorption efficiency for each filter type was significantly different from effi- ciencies for each of the other two filter types by two-sample t-tests (P < 0.001 in all cases). 50S was the most efficient virus adsorbent, followed by double lMDS and single lMDS. Glycine-NaOH at pH 11.0 gave mean elution efficiencies of 57, 51, and 62% of the adsorbed viruses from 50S, single lMDS, and double lMDS, respectively. No significant variation among mean elution efficiencies by glycineNaOH for the three filter types was found by analysis of variance (P = 0.314).
BE-GLY at pH 9.5 gave mean elution efficiencies of 67 and 66% of the adsorbed viruses from single and double 1MDS, respectively. A twosample t-test showed no significant difference between mean elution efficiencies by BE-GLY for the two filter types (P = 0.979). However, disregarding filter types, BE-GLY at pH 9.5 was a significantly more efficient eluent than was glycine-NaOH at pH 11.0 by two-sample t-test (P = 0.015). Overall mean elution efficiencies were 54 and 66% of adsorbed viruses for glycineNaOH and BE-GLY, respectively.
Comparison of Filterite and Virozorb lMDS cartridges for poliovirus concentration from large tap water volumes. In an attempt to verify the results of the preceding small-volume experiments with large water volumes, a series of experiments was conducted in which polioviruses were concentrated from 1,000-liter volumes of tap water using Filterite or Virozorb lMDS pleated-sheet cartridge adsorbent fiters. Primary adsorption conditions used for the Filterite filters were the optimal ones previously used in this laboratory (23) 
DISCUSSION
The results of this study confirm that AMF Cuno filters offer clear advantages over Filterite and probably other strongly electronegative filters in adsorption-elution methods for concentrating viruses from water. Virozorb lMDS medium is especially promising because it is available as a double-layer pleated-sheet cartridge which is simple to use and contains a large filter surface area that allows for high flow rates and hydraulic loadings.
One important advantage of AMF Cuno filters is their ability to efficiently adsorb viruses at much higher pH levels than can more strongly electronegative filters. In this study, both Zeta Plus 50S and Virozorb lMDS filters adsorbed 80% or more of input polioviruses between pH 3.5 and 7.5 (Fig. 2) . In a previous study, Sobsey and Jones (25) observed a substantial decrease in poliovirus adsorption efficiency by Zeta Plus 50S at pH 3.5. This apparent inconsistency cannot readily be explained. One possibility is related to the fact that the 50S medium used in the pH experiments of the previous study was prototype material, and perhaps it differed somewhat from the 50S medium now commercially available. However, it is clear from Fig. 2 that the current 50S medium efficiently adsorbs viruses between pH 3.5 and 7.5. It should also be noted that in the present study all of the 18 AMF Cuno filter types examined gave maximum poliovirus adsorption efficiencies at pH 3.5 (although some of them gave similarly high adsorption efficiencies at higher pH levels) (Sobsey et al., unpublished data).
In small-volume concentration experiments (Tables 1 and 2 ), Zeta Plus 50S adsorbed 93 to 99% of input viruses at pH 7.5 compared with 86% adsorption for Filterite at pH 3.5 At an adsorption pH of 7.5, double-layer lMDS adsorbed 95% of input viruses, whereas single-layer lMDS adsorbed only 76%. In experiments with 1,000-liter tap water volumes, Virozorb lMDS cartridge filters adsorbed about 90% of input viruses at pH 7.5, whereas Filterite cartridge filters adsorbed about 85% at pH 3.5 (Table 3) . Such close agreement between small-volume and large-volume experiments is not unexpected, since flow rate and hydraulic loading were similar in both types of experiment.
In large-volume experiments, the addition of 5 x 10-3 M MgCl2 to the tap water yielded no apparent improvement in virus adsorption to Filterite filters over that observed in small-volume experiments where no MgCl2 was added. This observation, in apparent contradiction to previous studies (15, 23, 30) , may be explained in the light of recent findings in this laboratory (22) . During an evaluation of the tentative standard method (1, 2) for concentrating enteric viruses from drinking water, temporal changes in efficiency of enteric virus recovery from 100-gal (ca. 380-liter) volumes of tap water were observed. Virus recovery efficiencies were generally poor during fall and winter (October through March) but improved during spring and summer (April through September). Further experimentation suggested that the observed variation in virus concentration efficiency may have been related to changes in the concentrations of unidentified adsorption-interfering soluble or colloidal components in Chapel Hill tap water.
In the present study, similar temporal changes were observed for poliovirus adsorption and recovery efficiencies (Fig. 1) . The general pattern of recovery efficiency variation observed with Filterite filters in this study is in close agreement with the pattern observed in the previous study with other strongly electronegative filter types (22) .
Because of the considerable temporal variability in virus adsorption efficiency, direct comparison of the overall mean adsorption efficien-cies for Filterite in small-volume experiments with those in large-volume experiments is not justified. In fact, on the basis of the previously observed pattern and cause of temporal changes in virus recovery efficiency (22) , one could expect adsorption efficiency to decrease during the months in which the large-volume experiments were conducted (October, November, and December). Thus, the 85% adsorption efficiency observed for Filterite in large-volume experiments probably reflects virus adsorption enhancement by MgCl2 during a time period when water quality interferences with virus adsorption were at yearly maximum levels.
Comparison of the levels of adsorption interference by tap water components on Zeta Plus 50S and Filterite filters (Fig. 1) demonstrates the second important advantage of AMF Cuno filters for adsorption-elution virus concentration. During the months in which adsorptioninterfering components were at apparent maximum levels in tap water (March and April), 50S showed considerably less reduction in virus adsorption efficiency than did Filterite. This observation supports the hypothesis that less electronegative AMF Cuno fiters may be less affected by virus adsorption-interfering soluble or colloidal components of tap water than are strongly electronegative filters such as Filterite. It is possible that acidification of tap water activates the interfering components in some way so that adsorption at neutral pH prevents them from affecting AMF Cuno filters. Humic acids are a likely candidate in this regard since they become insoluble at acidic pH levels (21) and have been previously suggested as virus adsorption-interfering compounds (7, 22, 31) . Alternatively, the surface of AMF Cuno filters may somehow be less susceptible to the compounds that interfere with virus adsorption than is the more strongly electronegative Filterite surface, either because the AMF Cuno fiters react with the interfering compounds to a lesser extent or in a different way or because they have a greater capacity for the compounds.
Elution of adsorbed poliovirus from AMF Cuno filters was found to be more efficient with pH 9.5 BE-GLY than with pH 11.0 glycineNaOH. In comparative trials, BE-GLY eluted 66% of adsorbed viruses from AMF Cuno filters, whereas glycine-NaOH eluted only 54%. This result supports previous findings on the efficiency of proteinaceous media as virus eluents (5, 17, 23, 25) and the instability of poliovirus at pH 11.0 (5, 23; Jacobs, Ph.D. thesis, 1980). Viruses in proteinaceous eluates can, with possible modifications for certain virus types (23), be efficiently reconcentrated by organic flocculation (17) . In the present study, the organic flocculation technique was about 70% efficient for recovery of poliovirus, which is consistent with previous findings (13, 23) .
No significant difference was found between Filterite and Virozorb lMDS cartridge filters for recovery efficiency of small numbers of poliovirus from 1,000-liter volumes of tap water. However, the concentration method was considerably simplified by using the lMDS cartridge, because acidification of tap water and addition of cation salts were not required. Disregarding fiter type, virus recovery efficiency in large-volume experiments averaged 32%. Thus, it should be possible to detect poliovirus at a level of about 3 PFU/1,000 liters or about 1 PFU/100 gal.
EM values observed for Filterite and AMF Cuno fiter media in the present study are generally consistent with previous findings, although particles of Zeta Plus 50S and Filterite media showed more electronegative EM values than previously reported (18, 25) . However, the referenced studies used particle-suspending media of considerably higher ionic strength than tap water. Specifically, Kessick and Wagner (18) suspended Filterite particles in 0.02 M KCI, and Sobsey and Jones (25) suspended Zeta Plus 50S and Filterite particles in 0.05 M NaCl. In contrast, the average total dissolved solids concentration of Chapel Hill tap water is 80 mg/liter as NaCl or about 0.001 M. It is known that increasing ionic strength reduces EMs and can reverse the apparent charge of particles in colloidal suspension, due to compression of the diffuse electric double layer surrounding each particle (18, 28 Fig. 2 and 3) . The phenomenon is particularly evident for Filterite and single-layer lMDS, where filter pad depths are comparable.
Poliovirions have two isoelectric points, a major one at pH 6.8 to 7.2 and a minor one at pH 3.5 to 4.0 (19, 32) . Between pH 3.5 and 7.5, the virion surface charge is probably composed of heterogeneous point charges. In this range of pH, the virion surface charge is probably relatively weak and depends on the exact pH of the suspending medium (19) . Thus, it is likely that the relatively strong filter surface charge exerts a major influence on virus adsorption in this pH range.
Valentine and Allison (27) have suggested that the diffusion, by Brownian motion, of fowl plague virus and vaccinia virus toward negatively charged adsorbent surfaces in low-to moderate-ionic-strength environments is inhibited by electrostatic repulsive forces between the counterion layer covering the adsorbent surface and like charges associated with the virions. When the counterion layers were compressed by increasing the ionic strength of the medium, reducing the electrostatic repulsive forces, virus attachment to the adsorbent surfaces occurred at rates consistent with collision frequencies predicted by diffusion theory.
The relationship between filter particle EM and virus adsorption efficiency observed in this study is consistent with the explanation of Valentine and Allison (27) . Decreasing filter surface electronegativity in a relatively constant ionic environment, as in tap water, should result in decreasing thickness and charge density of the counterion layer covering the surface. Hence, electrostatic repulsive forces between the filter counterion layer and like charges associated with the virions should decrease, and the diffusion of virions toward the filter surface should be facilitated. When virions can diffuse to within close proximity of the filter surface, adsorption can occur by Van der Waals forces (27) , virioncation-filter bridging (28) , interactions between specific surface functional groups (4), or other mechanisms.
From the foregoing discussion, it appears that optimal virus adsorbent filters should possess a minimal negative or even a small positive charge in the pH range of natural waters. Obviously, AMF Cuno filters approach this requirement more closely than do other adsorbent filters presently in use (1, 2, 18, 25) . In order to develop virus adsorbent filters with optimal surface properties, further studies are needed to elucidate the influence of filter surface charge on virus adsorption and the actual mechanisms of virus adsorption to filters.
